Magnetite (Fe 3 O 4 ) nanoparticles with very narrow particle size distribution can be obtained by decomposition of an organometallic compound in the presence of oleic acid. It has been shown that the carboxylic acid catalyzes the reaction leading to decreased decomposition temperatures and, consequently, as the surfactant concentration increases, smaller particles are formed. Precursors such as Fe(CO) 5 , iron acetylacetonate, and iron-oleate complexes, previously formed from an iron salt, have been used for the preparation of magnetite particles. Although the particles are magnetite in all cases, the size, shape, and distribution of nanoparticles differ depending on the precursor and consequently the samples show different magnetic behavior. Besides, a different mechanism of formation of the nanoparticles is expected and related to the decomposition rate of the precursor.
I. INTRODUCTION
T HERE is an increasing optimism that nanotechnology applied to medicine will bring significant advances in diagnosis, prevention, and treatment of diseases. In this sense, the minimization of magnetic nanoparticle polydispersity and heterogeneity will be essential for their use in the construction of nanopharmaceuticals [1] .
Organometallic precursor-based synthesis has proved successful for the preparation of uniform nanoparticles [2] . The technique was first developed for cadmium selenide and later applied to the preparation of magnetic metal and metal oxide nanoparticles [3] - [6] . This method is widely used because of the ease and reproducibility of the synthesis, as well as the uniformity and high crystallinity of the particles. It consists of the decomposition of an organometallic precursor in the presence of capping ligands using organic solvents with high boiling points. These capping ligands, typically long chain alkyl surfactants, such as oleic acid, bind to the particle surface and are responsible not only for the stabilization against aggregation (steric repulsion), but also have an active role during the reaction [7] .
Metal particles such as Co, Fe, FePt, and oxides such as magnetite and other ferrites have been synthesized by this method. First, Alivisatos et al. and then Hyeon et al. reported the synthesis of -Fe O nanoparticles using an organometallic compound as precursor in a nonaqueous solution [4] , [5] . This method was further applied for the growth of CoFe O nanoparticles [8] . At the same time, Sun et al. demonstrated the formation of nearly monodispersed Fe O , CoFeO , and MnFe O nanoparticles using metal acetylacetonates as precursor in the presence of 1,2 hexadecanediol, oleylamine, and oleic acid in phenyl ether [9] . Finally, the preparation of magnetite from iron chloride salts or iron oxyhydroxide has also been reported starting by the formation of an iron-oleate complex first [10] - [12] . It is not rare that magnetite is one of the materials with a larger commercial market not only for biomedicine but also for seals, damping, loudspeakers, or printing inks, for example, due to their relatively low production cost and the absence of significant oxidation problems in comparison with metal nanoparticles [13] , [14] . Most commercial magnetite up to now were manufactured using the coprecipitation method, i.e., coprecipitation of Fe(II) and Fe(III) salts in a saturated base solution [15] , [16] . By this method, a wide particle size and shape distribution is obtained and size selection is required in order to use the material in biotechnology. Limited success was also achieved by other methods such as reverse micelle template, where the reaction yield is very low [17] .
The decomposition of organometallic precursors method has yielded markedly improved magnetite samples with good size control, narrow size distribution, and excellent crystallinity of individual nanoparticles in comparison with more traditional methods (Fig. 1 ). This method is also suitable for mass production [11] . Particle size data fitted with a log normal distribution lead to standard deviation between 0.1 and 0.15 in comparison with the values obtained for particles prepared by coprecipitation, which are between 0.2-0.4 [18] (Figs. 1 and 2 ). However, absolute control over size, shape, and distribution remains a challenge, and the formation mechanism leading to magnetite under different conditions is not yet clear [19] . Many different factors such as the nature of the precursor, the ligand and the solvent, the ligand precursor ratio, and the decomposition temperature affect the morphology of the resulting particles. These factors will be summarized in this work and an evaluation of the possible mechanisms of formation of the nanoparticles obtained from different precursors will be proposed.
Moreover, nanoparticles prepared by this method have been proposed for biomedicine and showed a promising performance, in particular for biomolecule separation and NMR contrast agent [20] - [22] . The main disadvantage of this material is the surface treatment required for transforming the hydrophobic surface of the nanoparticles to hydrophilic.
II. EXPERIMENT
Monodispersed iron oxide magnetic nanoparticles were synthesized by thermal decomposition of different organic precursors: iron acetylacetonate (acac) [6] , Fe(CO) [5] , and an iron oleate complex [11] . The reaction was carried out in three different solvents with different boiling temperature: phenyl ether, octyl ether, and octadecene. Each solvent is optimum for one precursor in order to obtain uniform particles. Fig. 3 shows a scheme of the experimental procedure used in each case and the decomposition temperature of the precursors and the boiling temperature of the solvents are listed in Table I . The iron-oleate complex precursor is obtained by adding 1.08 g of FeCl 6H O (4 mmol) and 3.65 g of sodium oleate (12 mmol) to a mixture of solvents composed of 8 ml of ethanol, 14 ml of hexane, and 6 ml of distilled water under stirring and heating to reflux (b.p. of hexane is 79 C) for 4 h. Then, the red-brown phase of the reaction mixture was separated and washed several times to eliminate by-products including NaCl. After washing, hexane was evaporated off obtaining the iron-oleate complex in the form of a viscous gel.
The precursor in all cases was added to an organic solution containing oleic acid, heated to reflux, and kept at this temperature for 30 min. The black mixture was then cooled to room temperature, precipitated with ethanol, centrifuged, and finally dried at 50 C under vacuum.
In the case of Fe(acac) , 1,2-hexadecanediol is required in order to produce the partial reduction of the Fe (III). However, in the case of Fe(CO) the presence of an oxidant agent is required in order to obtain Fe(II) and Fe(III) in the right percentage.
Particle size and shape were examined by transmission electron microscopy using a 200-keV JEOL-2000 FXII microscope. TEM samples were prepared by placing one drop of a dilute suspension of iron oxide nanoparticles in hexane on a carbon coated copper grid and allowing the solvent to evaporate at room temperature. The mean particle size and distribution were evaluated by measuring the largest internal dimension of at least 100 particles.
Fourier transform infrared spectra of the iron oxide nanoparticles were recorded between 3600 and 300 cm in a NICOLET 20 SXC FTIR in order to confirm the phase of the iron oxide, the nature of the coating and its bonding to the surface. Samples were prepared by diluting the iron oxide powder in KBr at 2% by weight and following compression of the mixture, pressing into a pellet.
Magnetic measurements were made using a vibration sample magnetometer (MLVSM9 MagLab 9T, Oxford Instrument). Magnetization curves were measured at 5 K, in a maximum magnetic field of 5 T and coercive field (Hc) was obtained. The saturation magnetization (Ms) was calculated by extrapolation to infinite field of the experimental data obtained in the high field range where the magnetization varies linearly with the inverse of the applied field. Saturation magnetization values were normalized taking into account the percentage of oleic acid calculated from the thermogravimetric analysis.
III. RESULTS

Mechanism of Formation:
In general, the formation of monodispersed solid proceeds in two separated steps, nucleation and growth. Metal ions are slowly generated in the solution by progressive decomposition of the precursor or dissolution of an intermediate phase. When the concentration of ions in solution overcomes the supersaturation limit, a homogeneous nucleation takes place and the ion concentration is reduced avoiding secondary nucleations. To obtain magnetite as the final iron oxide phase, Fe(II) and Fe(III) ions have to be generated in the solution in the following proportion: FeO.Fe O . Therefore, if the precursor provides either Fe, Fe(II) or Fe(III) ions, a reduction or oxidation reaction has to take place (Fig. 4) . A homogeneous and short nucleation can be induced by increasing the heating rate, giving rise to very uniform particles [7] .
The growth is controlled by the formation of certain kind of surfactant-metal complexes. Then, a diffusion mechanism, known as Ostwald ripening, slows down the growth of larger particles and accelerates the growth of the smaller ones, resulting in a solid with a narrow particle size distribution. In the case of magnetite, an aggregation mechanism has also been proposed when the nanoparticles were prepared in aqueous media [23] .
Kinetic studies have shown that the formation of stable nuclei is slower than their subsequent growth so that the two phenomena are as desired temporally separated and that the reaction rate is therefore controlled by the nucleation rate [24] . Mean particle size, shape, and distribution can be modified by changing the parameters that govern the reaction mechanism in each case. Three main components will be analyzed in this work: the precursor, the surfactant, and the solvent.
Precursor: When iron carbonyl is the precursor, metal iron nanoparticles are first formed and later on oxidized to magnetite by a mild oxidant at 300 C [5] [ Fig. 5(a) ]. The formation of intermediate carbon monoxide generated during the reaction keeps the reduction atmosphere necessary for the formation of magnetite [25] . The reaction seems to be polymer catalyzed and a polymer-carbonyl complex is formed which decomposes to form colloidal particles. The concentration of the iron precursor affects the size of the resulting nanoparticles in such a way that smaller particles are obtained at higher iron concentration. Thus, larger supersaturation of solute results in more particles of smaller size [24] . Magnetite nanoparticles can also be obtained by reaction of iron (III) acetylacetonate in the presence of an alcohol. In this case, the alcohol reduces Fe(III) to Fe(II) intermediate and this process is followed by the decomposition of the intermediate at high temperature [6] . This method is based on the polyol process, proposed for the preparation of finely divided metal powders of easily reducible metals such as Pt, Ag, Au, or Co, for example [26] .
Finally starting from an iron salt such as iron chloride, it is possible to obtain magnetite by first forming a metal ion complex and then decomposing it in the presence of a surfactant [4] , [10] - [12] [ Fig. 5(b) ]. In this case, the reducing atmosphere given by the organic decomposition products of the initial complexes is enough to partially reduce Fe(III) to Fe(II) and form magnetite. It was observed that subsequent extractions of the reaction precipitate yielded fractions containing continuously bigger particles [4] . Nucleation occurs at 200 C-240 C triggered by the dissociation of one oleate ligand from the Fe(oleate) precursor and CO elimination, while the major growth occurs at 300 C by the dissociation of the remaining two oleate ligands [10] , [11] .
It is important to mention that particle diameter can be increased by 2 nm or more in subsequent seed-mediated reaction by controlled additional growth of previously synthesized monodisperse iron nanoparticles [27] . Iron oelate complex was used as a growth source.
IR spectra of magnetite nanoparticles prepared from different precursors show that the iron oxide phase in all cases is magnetite rather than maghemite with a certain degree of oxidation probably due to the high surface area (Fig. 6) . The two main bands observed at 590 and 400 cm corresponds to magnetite, while the shoulders around these bands could be assigned to maghemite [28] .
Surfactant: Organic surfactants have a key role in determining not only the size but also the shape of the products, however, the choice of surfactant remains empirical in most of the cases [19] . Oleic acid is the most used surfactant in iron oxide nanoparticles synthesis based on the decomposition of an organometallic precursor. Nucleation and growth process are affected by the presence of the surfactant molecules in the reaction solution.
First, surfactant molecules form a complex with monomer species giving rise to intermediate complexes. As a consequence of that, a delay in the nucleation takes place. Decomposition temperature of that complex increases from 260 C to 285 C as the oleic acid concentration increases up to a Fe(CO) /oleic acid ratio of 1 : 3 [7] . When the precursor:surfactant ratio is higher than 1 : 5, nanoparticles did not form due to the hindered nucleation.
Secondly, the way the surfactant molecules adhere to the surfaces of the growing nuclei is one of the most important parameters influencing crystal growth. Thus, surfactants should allow dynamic solvation, i.e., exchange on and off the crystals so that the surface is accessible for growing, but also should be strong enough to protect for aggregation. Size of magnetite particles has been controlled by varying the concentration and/or the chain length of the fatty acids when the monomer concentration was fixed. Thus, the higher the ligand concentration, the larger the size of the nanoparticles. In addition, the reaction can be accelerated by shortening the chain length of the surfactant, decreasing the reactivity of the monomers [10] .
Diverse shapes, including slightly faceted spheres, diamonds, prisms, and hexagons, all of which are in fact truncated dodecahedron structures with different degrees of truncations along the [111], [110] o [100] faces, have been observed by changing the surfactant and/or the concentration [29] . For example, alkylamine ligand is preferentially bound to the highest energy [111] surface under low ligand concentration resulting in diamond and prism shaped particles. As the concentration of surfactant increases, the next highest in energy surface is now coordinated by the ligand ([110] ) and hexagon shapes appear. But alkylamines bind weakly to the metal ions on the nanocrystal surface, less strongly than carboxylic acids of the same carbon chain length or TOPO. Smaller particles are obtained as the bond strength between the ligand and the particle surface increases [29] .
The type of bonding of the oleic acid molecules at the iron oxide surface has been detected by IR spectroscopy (Fig. 6) . Two absorption bands at 1625 cm and 1530 cm appear due to C-O stretching. The low frequency of these bands compared to the frequency for free oleic acid (1715 cm ) indicates that, in this case, the oleic acid molecules are covalently bonded to the nanoparticles surface and there are no free oleic acid molecules [30] Solvent: As the boiling point of the solvent increases, the diameter of the iron oxide nanocrystals increases (Fig. 7) . This is due to the higher reactivity of the iron-complexes in the solvent with the higher boiling point [11] . However, it should be noted that there is an optimum solvent for each precursor which gives rise to a more uniform product. As the particle growth further or at higher temperatures, the particle shape changes from irregular to rather spherical. Thus, the size of magnetite particles prepared from iron acetylacetonate has been observed to vary from nm to nm when using octyl ether and to nm when the solvent was 1-Octadecene, with a higher boiling point (Fig. 7) .
Magnetic Properties: Magnetic properties of the particles showed an important dependence on the particle size (Fig. 8) . The fact that oleic acid molecules are bonded to the Fe(II) or Fe(III) particle surface forming a coating layer around them has a strong influence in its magnetic behavior, mainly at low temperature [30] . That is, the presence of oleic acid leads to very high saturation magnetization values independent on the particle size and coercivity values which decrease as the particles size decrease. Magnetite particles prepared by coprecipitation and uncoated present a different magnetic behavior at low temperature [31] . That is, saturation magnetization values decrease and coercivity values increase as the particle size is reduced (Fig. 8) .
It can be concluded that the oleic acid coating is responsible for the reduction in surface oxidation, particle interactions, and surface anisotropy, which seems to be neglected. The main source of magnetic anisotropy in these systems is, therefore, crystal and shape anisotropy due to the irregular shape of the particles.
IV. CONCLUSION
Uniform magnetite nanoparticles can be obtained by decomposition of organometallic precursors in an organic media and in the presence of a surfactant such as oleic acid. It seems that the formation of stable nuclei is slower than their subsequent growth so that the reaction rate is therefore controlled by the nucleation rate. Higher temperatures, larger iron concentration, and capping groups strongly interacting with the nanocrystal speed up the reaction and induce the formation of smaller particles. The oleic acid coating seems to be responsible for very high saturation magnetization values independent on the particle size and coercivity values which decrease as the particles size decrease at low temperature, as a consequence of the reduction in surface anisotropy.
